Following the mighty evolutionary step of vertebrates from the sea to dry land, far-ranging physiological mechanisms were developed in order to maintain the internal environment of the land animals somewhat akin to the composition of the ancient seas. These complex homeostatic mechanisms provide potassium cations and a sufficiency of other suitable anions for the intracellular milieu, sodium cations and other suitable anions for the fluid bathing these cells. The continued maintenance of plasma levels of sodium and intracellular levels of potassium between narrow limits by vertebrates could almost be equated with the life process in the individual, or indeed in whole groups of animals, especially when fluid and electrolytes are lost by enteric disease or denied by deprivation.
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Over the millennia vertebrate evolution continued in waves dependent on climatic conditions and the consequent availability of food. In the Tertiary period the main group of herbivorous animals, the Perissodactyls, were superseded by the Artiodactyls, and by the end of the post-Oligocene period the world fauna was dominated by the ruminant sub-group. The main factor in the assumption of dominance by ruminants was that their ancestors solved this evolutionary impasse by unlocking the vast stores of energy available in the organic matter of plants, by establishing a symbiotic relationship with anaerobic bacteria which were capable of providing a cellulase enzyme that could split the glucosidic linkages of the cellulose molecule.
The modern ruminant has paid a big price for this extracorporeal supply of cellulase, for it has had to develop both anatomic complexity of the stomach and unique physiological processes for the digestion of cellulose.
Digestion of plant material is a slow process and cellulose digestion in ruminants has been relegated to a backwater of the main stream of the alimentary tract. The slow fermentation of cellulose occurs in the diverticulation of the nonglandular part of the stomach, the reticuloruminal and omasal sacs. The cesophageal groove serves to bypass the reticulorumen and provides a thoroughfare for fast-moving liquids, especially in the preruminant phase of the suckling animal. At this stage the salivary glands of young ruminants are not fully active.
The vat of the rumen has a volume of 18 1 in sheep and more than 3001 in cattle, comprising more than 80% of the stomach volume. Within this part ofthe stomach resides the vast population of cellulase-secreting bacteria, about 1010 organisms per gram of rumen contents. To sustain this bacterial colony, the ruminant must provide a nutritive fluid medium maintained at or near isotonicity with extracellular fluid, which means that about 15 % of the total body water is contained in the rumen with about half the sodium ions of the extracellular fluid.
Although grass is a good source of organic material for energy requirements and is relatively rich in minerals, the sodium content is low and the potassium content high. In the evolution of vertebrates the extracellular sodium levels have been set high and this ion is the main factor in maintaining the osmotic pressure of blood plasma which allows communication between cells and nutritive fluids. Because of the low sodium content of their plant food, ruminants have developed mechanisms to conserve sodium so that essential physiological processes are not hampered. Even so ruminants do lead a rather precarious existence with regard to sodium metabolism, just as they live dangerously with regard to carbohydrate metabolism when compared to nonruminant animals. In the pregnant and lactating ruminant these metabolic processes become even more unstable. Ruminants have clearly been successful in making biochemical adjustment, for they can survive and even thrive under conditions unfavourable to most other animals.
The ruminants, like other animals, maintain a store of sodium and other electrolytes to preserve homeostatic mechanisms. In short-term adjustment of the internal environment, sodium from the extracellular fluid is immediately available and further sodium can be drawn relatively quickly from bone, although the main stores of sodium in bone can only be commandeered slowly.
The balance of sodium and potassium in the vertebrate is normally regulated mainly by active and passive mechanisms in the kidney. This is also true in ruminants, aldosterone being released when the sodium level of the plasma falls or the potassium level is elevated. Antidiuretic hormone has also been shown to play an important part in plasma homeostasis of ruminants.
Young ruminants differ from other neonates such as the baby, piglet, kitten and foal in that they can concentrate urine and excrete sodium and potassium at a very early age (Dalton 1969) . This may be a special regulatory device associated with the sequestering of sodium in the rumen, for even in milk-fed calves the rumen is inoculated with cellulytic bacteria immediately after birth. The short-chain volatile fatty acids formed stimulate the rapid growth of the rumen for subsequent cellulose digestion.
In the sheep the ingestion of high levels of salt causes expansion of the extracellular fluid, and a rise in glomerular filtration rate which aids renal sodium excretion. The reabsorptive capacity of the distal part of the nepbron is controlled by aldosterone, although there is some evidence that a second humoral agent occurs in ruminants affecting the excretion of excess sodium which may also play a part.
Ruminants have well-developed sweat glands but marked variation between species and breeds has been noted. The output of sweat in ruminants is small, about 0-5-1 % of that in man, and cannot play much part in sodium metabolism (Brook & Short 1960) . The main cation of sweat in sheep is potassium, possibly an adaptation to conserve sodium The most important conserving mechanism of the sodium ion in ruminants is the rumen wall. The movement of sodium across the rumen wall takes place partly by simple physical diffusion but probably mainly by a complex active transport process. The rumen fluid is electrically negative with respect to blood by about 30 mV, a potential probably generated by the active transport of sodium ions from ruminal fluid to blood plasma. There is evidence that the ion transport across the rumen wall may be under hormonal control like the epithelium of the nepbron and the salivary glands. Electron microscope studies of the rumen epithelium suggest that its ultrastructure would readily allow a sodium pump situation for the active movement of sodium ions and the passive movement of potassium. The active 'pumping' of sodium by rumen epithelium is further supported by the fact that in vitro the electrical potential can be abolished by ouabain, the classic sodium pump inhibitor (Keynes 1969) .
Probably the most important adaptation of homeostatic processes made by ruminants is the modification of salivary flow and-composition. Ruminants produce large volumes of saliva, sheep about 10-15 1 and cattle 50-150 1 per day. Digestive enzymes are absent from the saliva.
The main cation is sodium (150 mEq/l) so that each day sodium equivalent to about five times the normal sodium content of the plasma may be secreted into the rumen. At any one time the rumen may contain 500-800 mEq sodium, i.e. 50% of the available sodium of the body. The concentration of sodium in the rumen fluid parallels but is lower than the salivary sodium, but does not normally fall below 60 mEq/1 even when salivary sodium is reduced to 28 mEq/l. The rumen sodium level is maintained by transfer of this ion to the extracellular fluid.
The concentration of potassium in the rumen is high because of the high level in the food. The excess potassium is reabsorbed further down the gut.
The most likely factor to have brought about this marked increase in salivary output by ruminants is again referable to cellulose digestion. The end-points of cellulose digestion in the rumen are the volatile fatty acidsacetic, butyric and propionic acidsand in order to maintain the pH of the rumen near pH 7 0, the optimal value for the growth of cellulytic bacteria, the acid end-product of cellulose is buffered by the sodium bicarbonate of the saliva.
The rate of output and ionic composition of sheep and cattle saliva is not constant and the ratio of the volume produced by the parotid and other salivary glands varies considerably between sheep (Kay & Phillipson 1959) . Mechanoceptors in the cesophagus and rumen are known to stimulate salivation. Salivary output also varies with changes in the volume of the rumen. When Section ofComparative Medicine fluid is removed from the rumen, salivary output is increased, and vice versa; the most potent inhibitor of salivary output is the addition of extraneous saliva to the rumen (Wilson 1963) .
The ionic composition of saliva varies with the rate of output. With continuous output the sodium concentration is reduced but the osmotic pressure is maintained by a commensurate increase in the potassium content. The sodium and potassium concentration of sheep saliva is closely correlated with the ionic composition of the rumen contents. With a change of diet from hay to grass the sodium content of rumen fluid fell from about 100 to 30 mEq/l and potassium levels rose from 60 to about 100 mEq/l. Since the sodium and potassium content of grass and hay is similar, the decrease in rumen sodium content is probably due to a reduction in the salivary sodium (Sellers & Dobson 1960). Increase in salivary output is also associated with the process of rumination. Movement of the liquid bolus of food along the aesophagus in rumination stimulates salivation, as does remastication. Rumination is a better stimulus to salivary secretion than eating. The biological purpose of rumination is still unresolved but it is usually suggested that one result of this bizarre act is to tear up the vegetable material by remastication to increase the surface area for contact with the cellulytic bacteria. Another purpose could well be to control the volume and ionic content of the rumen for cellulose digestion. The duration of rumination, and consequently the rate of salivation, is inversely proportional to the particle size of the ingested food. This suggests that in order to maintain the continuing digestion of coarse herbivorous material, homeostatic conditions to assist digestion in the rumen are maintained by harnessing the muscular activity of the reticulorumen to produce the regurgitation phase of rumination, thus providing a stimulus to salivary secretion.
It has been shown that both increased parotid salivary output and rumination can be conditioned in housed sheep and that the conditioning stimuli may emanate from other sheep and may be visual, auditory or olfactory (Denton 1966). Sodium metabolism and its effect on homeostatic mechanisms have been studied by the fistulation of a single parotid duct in merino sheep, so that the rate of output and ionic composition of parotid saliva can be measured in various experimental situations. Similar preparations have been made in the calf (Bell & Williams 1960) .
The response of such a preparation when the output of one parotid gland is lost outside the body is to change the ionic content of the saliva with a reversal of the sodium:potassium ratio from 20:1 to 1:20, the ionic sum persisting and the saliva remaining nearly isotonic. At the same time sodium is conserved by other processes, e.g. it is no longer excreted in the urine and feces. This situation can be reversed by allowing ruminants access to sodium salts which they will consume preferentially over other salts and water. Denton (1966) suggests that a sodium-deficient sheep has an inbuilt mechanism which permits it to correlate volume and osmolality of sodium solutions to repair its deficit. The other alkaline digestive juices of the ruminant alimentary tract, such as bile and pancreatic juice, have not been investigated and it would be interesting to know whether a similar reversal of cations to that in saliva occurs.
Wright, Denton and their co-workers have ascertained that aldosterone resulting from hyponatremia is not the main mechanism of control and that renin-angiotensin may be a more likely factor. The reduction of glomerular filtration rate that occurs with hyponatremia in sheep may possibly be further decreased in extreme sodium deficiency so that glomerular ischemia causes a rise in renin-angiotensin levels comparable to the Goldblatt preparation. Sellers & Dobson (1960) suggest that the digestion of vegetable material may yield an aldosterone-like substance which affects the rumen epithelium by adding to the effect produced by the circulating aldosterone.
Denton, following a close analysis of results from his laboratory, postulates that sheep have an innate appetite for sodium salts and suggests that the hypothesis put forward by Richter (1943) , following observations on rats made sodium-deficient by adrenalectomy, may also apply to sheep. Richter suggests that the regulation of salt appetite is a centrally controlled mechanism which may be the basis of instinct or 'drive'.
There is no doubt that animals suffering from extreme sodium deficiency do show behavioural changes. Denton & Sabine (1963) have shown that such sheep, when they see sodium solutions, show agitated movement and increased respiration and heart rate, rise of blood pressure and profuse salivation. The extent of this behaviour has been related to the degree of sodium deficit and on replacing the sodium the behavioural state subsided.
A similar behavioural agitation develops in sodium-depleted calves. When a member of a pair of monozygotic twin calves is made sodiumdeficient, higher taste thresholds for both sodium chloride and sodium bicarbonate occur. A sodium-depleted calf will take 5 % sodium chlotide solution compared with its normal twin which takes only 0 03 % sodium chloride. With 633 29 sodium bicarbonate solutions, water may be totally rejected whereas the normal calf makes no preferential choice (Bell 1963) . Sodium-deficient calves make strenuous attempts to take sodium salts when shown them and appear to recognize the salts by smell, and when allowed to select from a series of sapid solutions, they will search until the saline solution is found and begin to drink. This suggests an 'environmental homeostasis' of ruminant herbivores. The 'drive' is also seen under feral conditions; for example, in Sweden, reindeer brought down to coastal areas after snow appear to relish long draughts of sea-water, and elk, normally retiring and timid creatures, will ignore motor traffic to lick the salt scattered on roads to melt ice.
There are, however, many examples of mineraldeficient ruminants which do not select the deficient element; for example, phosphate may be selected by normal animals and refused when the animal is phosphate-deficient. When housed goats are allowed a choice between water and 1 % sodium bicarbonate, the latter is preferred. This choice could be reversed by adding sodium bicarbonate directly to the rumen fluid, presumably by repletion of sodium stores. The animals in these experiments had constant access to a balanced mineral mixture which they did not take to maintain sodium balance. Whether or not the sense of taste is associated with these seemingly homeostatic reactions is still a matter of conjecture (Bell 1963) . There are populations of sheep with a high potassium and low sodium erythrocyte content, whereas others have a low potassium and high sodium content. Michell & Bell (1969) have shown that in different groups of sheep different taste thresholds for salt occur.
In propounding his view that sodium metabolism may be controlled by sodium appetite, Denton (1966) postulates that salt appetite may be regulated in the hypothalamus. He argues that in goats water intake is thought to be controlled centrally from neurones associated with the supraoptic nuclei of the hypothalamic nuclei constellation. General conclusions regarding central regulation of salt and water metabolism must be drawn with caution. Furthermore, any analogy of the hypothalamic centre controlling food and water intake with a centre controlling sodium appetite must be reserved since definity of these centres has been questioned. In sheep the ventromedian nuclei cannot be identified with a food satiety centre, for the nuclei can be destroyed bilaterally without affecting food intake (Tartellin 1969) . It is now accepted that the brain responds to distinct peripheral stimuli, especially from the alimentary tract, such as rumen distention and VFA levels in the rumen (Baile & Mayer 1969) .
The totality of evidence indicates that sodium intake is not controlled directly at the hypothalamic level by the direct action of sodium ions from the perfusing blood on central neurones. Bielharz & Kay (1963) have produced results indicating that only after the ingestion of sodium solutions into the rumen is an avidity for these salts reduced. This is confirmed by sham feeding sodium-depleted sheep; the ingested saline fluid falls from the open aesophagus and the sheep continues to drink, but when the cesophageal fistula is closed, the sheep soon stops drinking as the saline fluid passes to the rumen.
It must be accepted that the extreme situation of sodium deficiency produced by the exteriorized parotid duct of sheep does not necessarily explain all the physiological and behavioural situations where sodium or water or both are in short supply. When both sodium and water intake are denied, pathological processes ensue and the ruminant shows a marked loss of body weight associated with anorexia and ultimately death.
It must be emphasized that normally ruminants are not sodium-deficient. They do come near short-lasting deficit when, under conditions of voluminous plant ingestion, the maximally filled and distended rumen incarcerates a large proportion of the extracellular fluid. The shortterm and mild sodium deficit which may develop is probably regulated by the humoral and hormonal control of body electrolytes as in nonruminant animals, especially aldosterone and possibly angiotensin, with perhaps some variation in degree of emphasis and effect on the target epithelia. The main controlling mechanism, however, in ruminants is more likely to be their own special organ, the ruminant stomach, for it can be seen that the epithelium of the reticulorumen participates reciprocally with the secretory epithelium of the salivary glands to provide a circulation of body fluids so that the sodium of the body is utilized in the many local and general homeostatic mechanisms all directed towards the extraction of energy from grass.
